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Abstract 

New  and  more  advanced  guidance  systems  are  nowadays  available,  allowing  bringing  natural  light  into  buildings  and  offering  poten¬ 
tials  for  energy  savings  associated  to  well-being  for  occupants.  From  a  design  point  of  view,  the  key  factor  is  the  knowledge  of  their 
photometric  performances  in  terms  of  global  light  transmission  efficiency,  so  as  to  predict  the  daylight  availability  in  an  interior  space 
due  to  an  array  of  guidance  systems  (or,  the  other  way  around,  to  predict  the  number  of  pipes  needed  to  produce  a  minimum  natural 
light  illuminance  according  to  standard  requirement)  through  known  analytical  methods  such  as  the  lumen  method.  In  spite  of  this, 
determining  the  global  light  transmission  efficiency  of  advanced  guidance  systems  is  a  quite  complicate  matter  because  of  the  redirecting 
optical  properties  these  elements  rely  on  even  in  the  case  of  simple  typologies  (for  instance,  passive  domes  with  micro-prismatic  profiles 
and  micro-prismatic  or  holographic  films  used  as  pipe’s  coating). 

This  paper  presents  an  approach  to  characterize  photometric  performances  of  tubular  daylight  guidance  systems  in  terms  of  light 
transmission  efficiency:  the  global  system  efficiency  is  the  result  of  the  product  of  the  efficiencies  of  the  three  individual  components  (col¬ 
lector,  pipe  and  diffuser)  and  each  efficiency  is  determined  as  the  ratio  of  the  flux  emitted  through  the  output  window  to  the  flux  hitting 
the  input  window,  accounting  for  both  the  beam  and  the  diffuse  efficiency.  The  approach,  based  on  both  measurements  on  physical  mod¬ 
els  and  simulations,  was  applied  to  different  typologies  of  pipes  and  passive  collectors  and  the  obtained  data  were  used  to  eventually 
calculate  the  global  efficiency  for  the  analyzed  system. 
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1.  Introduction 

A  large  body  of  knowledge  shows  a  general  preference  for 
daylight  as  a  light  source  in  buildings,  due  to  a  series  of  fac¬ 
tors  related  to  its  fulfillment  of  human  needs,  with  conse¬ 
quent  beneficial  effects  on  human  well-being  and 
performance.  Beside  this,  recent  growing  concerns  about 
conserving  energy  and  environmental  protection  have  stim- 
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ulated  interest  in  the  use  of  daylight  as  a  substitute  for  elec¬ 
tric  lighting.  As  a  result,  daylighting  design  in  buildings  has 
become  a  major  design  issue,  which  led  to  new  strategies  for 
a  conscious  use  of  daylight.  Within  this  frame,  a  research 
field  of  increasing  interest  addresses  how  delivering  natural 
light  into  rooms  that  cannot  receive  adequate  daylight  from 
windows  alone:  this  is  the  case  of  small  internal  windowless 
rooms  or  underground  interiors  of  inner  areas  of  large 
spaces  that  are  far  away  from  any  window,  a  typical  condi¬ 
tion  in  deep-plan  buildings,  like  hospitals  for  instance,  that 
have  become  quite  the  norm  nowadays.  Furthermore,  the 
recent  development  of  new  high  efficient  optical  materials 
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has  made  possible  the  ‘daylight  guidance  technology’  which, 
through  a  large  number  of  optical  processes,  redirects  and 
transports  daylight  over  distance,  i.e.  into  areas  of  buildings 
that  cannot  be  lit  using  conventional  glazing.  This  technol¬ 
ogy  is  based  on  the  use  of  light  pipes,  that  is  to  say  mirror 
light  guides  with  highly  reflective  surfaces,  equipped  with 
optical  devices  to  collect  both  skylight  and  sunlight  flux  fall¬ 
ing  on  the  horizontal  upper  opening  and  to  forward  it  down¬ 
ward  by  multiple  inter-reflections  onto  the  diffusing  emitting 
glazing  at  the  bottom  of  the  tube.  This  diffuser  scatters  and 
redistributes  transported  daylight  over  the  interior  space. 
According  to  this  general  principle,  different  technologies 
have  been  developed  (and  new  ones  are  under  development) 
to  enhance  light  transmission  efficiency:  actually,  it  is  evi¬ 
dent  that  the  transmission  performance  of  guidance  systems 
(in  terms  of  light  flux  which  is  globally  transmitted  through 
the  system)  rises  when  direct  sunlight  can  be  collected  and 
redirected  downward  along  the  pipe.  For  this  reason,  more 
sophisticated  collectors  are  equipped  with  heliostats  and 
sun-tracking  mirrors  to  maximize  the  contribution  of  direct 
sunlight.  The  resulting  active  systems  provide  the  best  per¬ 
formance  under  clear  sky  conditions  rather  than  in  presence 
of  overcast  skies,  thus  their  use  is  worthwhile  in  climates 
were  sunny  skies  are  predominant.  Taking  advantage  of  this 
technology,  enhanced  tubular  daylight  guidance  systems 
can  be  obtained,  such  as  the  Heliobus  (Heliobus,  2011) 
and  Arthelio  (Mingozzi  et  al.,  2001)  systems.  Alternatively, 
the  guidance  system  can  consist  of  optical  fibers:  for 
instance,  the  Japanese  Himawary  (Himaway,  2011)  or  the 
Swedish  Parans  (Parans,  2011)  systems  collect  and  concen¬ 
trate  sunlight  into  fibers  using  tracking  Fresnel  lenses.  Fag- 
ade  mounted  systems  represent  a  further  possibility  to  guide 
daylight  into  a  building:  examples  of  this  technology  are  the 
Parans  system,  which  can  also  be  installed  onto  a  fagade,  or 
anidolic  systems,  which  consist  of  a  light  gathering  device 
oriented  towards  the  equator  to  collect  daylight,  a  horizon¬ 
tal  mirrored  guide  system  within  a  suspended  ceiling  and  an 
output  device  located  deep  in  a  building  (Lynhart  and  Scar- 
tezzini,  2010;  Scartezzini  and  Courret,  2002).  Finally,  hybrid 
systems  allowing  to  simultaneously  deliver  daylight  and 
electric  light  into  buildings  through  luminaire-like  output 
devices  have  been  recently  developed.  A  comprehensive 
overview  on  available  passive  and  active  technologies,  as 
well  as  on  hybrid  systems,  can  be  found  in  (Mayhoub  and 
Carter,  2010). 

With  respect  to  the  number  of  more  complex  and 
sophisticated  typologies  of  guidance  systems  being  offered 
in  the  market,  the  key  factor  is  concerned  with  having 
available  data  to  describe  their  photometric  performances 
in  terms  of  global  light  transmission  efficiency:  from  the 
point  of  view  of  designers,  suitable  and  as  simple  as  possi¬ 
ble  tools  are  needed  since  the  earliest  design  stage  and 
throughout  the  design  process  to  predict  the  daylight  avail¬ 
ability  in  an  interior  space  due  to  an  array  of  guidance  sys¬ 
tems  or,  the  other  way  around,  to  predict  the  number  of 
pipes  needed  to  produce  a  minimum  natural  light  illumi¬ 
nance  according  to  standard  requirements).  Actually  deter¬ 


mining  such  properties  is  not  a  trivial  matter,  especially  for 
what  concerns  the  collectors,  which  have  complex  optical 
redirecting  systems  also  in  the  case  of  passive  domes  (as 
they  have  micro-prismatic  profiles);  pipes’  coating  as  well 
may  nowadays  present  redirecting  properties  thanks  to 
micro-prismatic  or  holographic  films  which  need  to  be 
accurately  modeled.  The  same  applies  to  diffusers  which 
rely  on  optical  devices  to  scatter  light  over  the  room.  In 
the  appended  discussion  related  to  the  presentation  of  their 
prediction  method,  Zhang,  Muneer  and  Kubie  acknowl¬ 
edge  that  “for  innovative  daylighting  devices  and  some  of 
the  new  designs,  especially  those  that  utilize  not  only  sky¬ 
light  but  also  sunlight,  to  date,  no  general  method  is  avail¬ 
able  to  assess  their  daylighting  performance”  (Zhang  and 
Muneer,  2002). 

As  a  consequence,  manufactures  of  guidance  systems 
should  provide  a  detailed  characterization  of  light  transmis¬ 
sion  efficiency  for  a  wide  range  of  sun  positions  and  sky 
conditions,  as  efficiency  performances  depend  on  the  pres¬ 
ence  of  the  sun  in  the  sky  as  well  as  on  its  position  during 
the  day  and  throughout  the  year.  If  photometric  data  of 
guidance  systems  are  scarcely  available,  methods  are 
required  to  accurately  predict  the  light  transmission  effi¬ 
ciency  of  complex  guidance  systems.  In  principle,  three 
approaches  could  be  adopted  for  this  purpose:  analytical 
methods,  numerical  simulations  and  measurements  using 
real  systems,  each  with  different  advantages  and  drawbacks. 

As  far  as  analytical  methods  are  concerned,  in  literature  a 
number  of  different  formulae  have  been  proposed  by  several 
authors  over  the  last  years,  especially  for  mirror  tubular  day¬ 
light  guide  systems  (TDGS),  under  both  clear  sky  and  over¬ 
cast  sky  conditions.  The  first  studies  aimed  at  determining 
the  tube  transmission  efficiency  TTE  based  on  the  light  flux 
calculations  (Al-Marwaee  and  Carter,  2006;  CIE,  2006; 
Shao  et  al.,  1997,1998;  Swift  and  Smith,  1995;  Zastrow  and 
Wittwer,  1987;  Zhang  and  Muneer,  2000)  while  afterwards 
methods  to  predict  interior  illuminance  delivered  by  guid¬ 
ance  systems  were  introduced  (Bouchet  and  Fontoynont, 
1996;  Jenkins  and  Muneer,  2004;  Jenkins  et  al.,  2005;  Zhang 
and  Muneer,  2002).  Beside  this,  several  studies  and  experi¬ 
ments  based  on  measurements  taken  for  prototypes  of  tubes 
or  for  installations  in  real  interiors  were  carried  out  (Carter, 
2002;  Oakley  et  al.,  2000;  Robertson  et  al.,  2010).  Recently, 
two  more  detailed  analytical  methods  were  published 
(Mohelnikova,  2009;  Kocifaj  et  al.,  2008):  the  former  pro¬ 
vides  with  a  theoretical  model  for  tubular  light  guides  with 
flat  glass  cover  under  clear  skies  with  direct  solar  radiation, 
while  the  latter  with  a  physical  model  for  interior  illuminance 
calculation  (named  HOLIGILM),  for  vertical  cylindrical 
skylights,  based  on  a  ray-tracing  between  the  diffuser  of  a 
TDGS  and  the  sky-vault  including  the  sun.  In  general,  ana¬ 
lytical  methods,  including  these  latest  ones,  are  based  on 
simplified  assumptions  with  regard  to  collector  and  pipe 
light  transmission  efficiency:  the  collector  is  described 
through  the  dome  visible  transmittance  value  only,  indepen¬ 
dently  of  how  this  is  influenced  by  the  collector  geometrical 
and  optical  properties  which  result  in  a  complex  interaction 


V.R.M.  Lo  Verso  et  al.  I  Solar  Energy  85  (2011)  2789-2801 


2791 


of  redirecting  phenomena  (reflection  and  refraction); 
furthermore,  the  values  of  the  reflectance  of  the  pipe’s  inte¬ 
rior  coating  are  considered  as  independent  of  the  angle  of 
incidence.  As  a  result,  analytical  methods  are  not  accurate 
to  characterize  the  light  transmission  efficiency  of  complex 
guidance  systems  which  rely  on  optical  redirection 
components. 

In  principle,  more  consistent  results  can  be  obtained 
through  numerical  simulations,  taking  advantage  of  the 
large  amount  of  rays  that  recent  tools  are  able  to  track 
and  of  the  improved  calculation  power  nowadays  avail¬ 
able.  But  even  more  sophisticated  simulation  packages  still 
show  limits  in  accurately  model  the  behavior  of  redirecting 
materials  and  geometries.  Simulations  provide  reliable  effi¬ 
ciency  performance  data  for  mirror  pipes  and  for  many 
typologies  of  diffusers  (Baroncini  et  al.,  2007),  but  on  the 
other  hand  inconsistencies  are  observed  for  what  concerns 
the  collector  efficiencies.  A  more  detailed  discussion  on  this 
topic  is  reported  later  in  this  paper  (see  Section  2.1). 

A  different  approach  to  accurately  characterize  guidance 
systems’  efficiency  is  based  on  physical  measurements  using 
real  components.  This  gives  the  advantage  of  allowing  using 
1:1  prototypes  of  a  component  (such  as  collectors  with 
prismatic  profiles)  or  real  materials  (such  as  mirror  or  holo¬ 
graphic  films),  applied  to  scaled  pipes,  which  can  be  hardly 
modeled  through  an  analytical  or  a  simulation-based 
approach.  Measurements  can  be  taken  positioning  the  guid¬ 
ance  system  either  under  real  sky  conditions  or  in  laborato¬ 
ries  equipped  with  a  sun  and  a  sky  simulator.  This  latter 
approach  allows  the  repeatability  of  standard  or  climate- 
based  sky  conditions  and  thus  comparing  different  typolo¬ 
gies  of  system  configurations.  On  the  other  hand,  it  should 
be  stressed  out  that  this  measurement-based  approach  is 
time-consuming  compared  to  simulations  or  analytical 
methods  and  requires  to  have  available  component  proto¬ 
types  from  manufactures. 

3This  paper  is  aimed  at  describing  a  procedure  which  was 
used  to  characterize  the  light  transmission  efficiency  of  some 
typologies  of  passive  TDGS  with  redirecting  collectors.  Spe¬ 
cific  efficiencies  were  determined  separately  for  the  three 
components  through  an  appropriate  combination  of  analyt¬ 
ical,  software  and  measurement  based  approaches.  For  each 
component,  limits  and  potentials  concerned  with  these 
approaches  are  discussed  and  the  approach  which  was 
adopted  within  this  research  is  illustrated  in  detail.  In  partic¬ 
ular  analytical  formulae  and  the  software  SkyYision  (Laou- 
adi,  2004;  Laouadi  and  Arsenault,  2004;  SkyYision,  2011) 
were  used  to  characterize  pipe  efficiency,  while  physical  mea¬ 
surements  were  taken  for  some  typologies  of  collectors  and 
pipes  at  the  Daylighting  Lab  of  the  Politecnico  di  Torino, 
through  a  sun  and  sky  scanning  simulator  facility  (Aghemo 
et  al.,  2008). 

In  the  following  sections,  the  methods  used  to  determine 
the  single  component  and  the  global  system  efficiency  are 
described  in  detail,  as  well  as  some  measurements  and  simu¬ 
lations  which  were  carried  out  as  application  of  the  devel¬ 
oped  methodology.  The  last  section  deals  with  the 


calculation  of  the  light  transmission  efficiency  for  a  given 
typology  of  guidance  system  used  at  different  sites  across 
Europe. 


2.  Assessment  of  tubular  daylight  guidance  systems’ 
performances 


Because  of  different  methods  and  calculation  procedures, 
the  International  Commission  on  Illumination  CIE  estab¬ 
lished  the  Technical  Committee  TC-3-30  which  carried  out 
a  comprehensive  investigation  on  guidance  topics  and  prop¬ 
erties  over  the  decade  1993-2003  and  released  a  conclusive 
publication  which  contains  a  standardized  calculation 
method  (CIE,  2006).  According  to  this  publication,  the  sys¬ 
tem  global  efficiency  for  passive  zenithal  guides,  r\ TDGS,  can 
be  determined  through  the  following  formulae: 


Standard  Daylight  Transfer  Characteristic 


B 


SDTC 

4  TDGS 

luminous  flux  leaving  the  output  window 
illuminance  measured  at  the  input  window 


(m2) 


where  4Tdgs  is  the  guide  cross  sectional  area  (m2);  SDTC 
has  the  meaning  of  the  equivalent  area  of  an  open-sky 
aperture  that  would  produce  the  same  amount  of  daylight, 
if  there  were  no  losses  in  the  system.  The  terms  <Poutput  and 
^input  should  be  both  measured  on  1 : 1  prototypes,  by  using 
an  integrating  sphere  to  create  a  constant  luminance  (Lam¬ 
bert  radiator)  or  an  artificial  sky  featuring  a  CIE  Overcast 
Sky  luminance  distribution.  Considering  that  specialist 
photometers  are  needed  for  this  test,  able  to  house  large 
size  components,  and  only  a  limited  number  of  these  exists, 
it  appears  that  this  approach,  based  on  measuring  the  effi¬ 
ciency  for  a  whole  guidance  system,  is  hardly  applicable. 
For  this  reason,  an  alternative  approach  for  calculating 
the  global  efficiency  >7tdgs  was  used  for  the  research  de¬ 
scribed  in  this  paper,  based  on  a  combination  of  simula¬ 
tions,  experimental  measurements  on  physical  models  or 
on  1:1  prototypes  and,  for  simplest  cases,  analytical 
formulae. 

Basically,  the  global  tubular  daylight  guidance  system 
efficiency  is  determined  as  the  result  of  the  product  of  the 
efficiencies  of  the  three  individual  components:  collector 
(^collector),  pipe  ()?pipc)  and  diffuser  {rjdiSusei): 


*?TDGS(ys)  —  7collector(ys)  '  *lpipe(y s)  ‘  ^diffuserfe)  (-) 


(3) 


The  >7tdgs(a)  value  is  the  result  of  an  appropriate  com¬ 
bination  of  the  system  efficiency  relative  to  the  direct  sun¬ 
light  component  ^,tdgs  and  to  the  diffuse  skylight 
component  rjdt  tdgs>  according  to  the  equation 
(Serra  and  Marco,  2000): 
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_  Eb, out  •  ^/TDGSfc)  +  -Erf, out  •  ^/TDGSfe)  /  \  ^ 

VTDGSfe)  —  ^  wf  W 

where  Eby0 ut,  Ed:0lll,  Egt out  are  respectively  the  direct,  diffuse 
and  global  external  horizontal  illuminance  due  to  an  ob¬ 
structed  sky  (lux).  Since  the  external  environmental  factors 
such  as  sky  clarity,  sky-diffuse  luminance  distribution  and 
sun’s  position  change  dynamically,  the  guidance  system 
overall  light  transmission  efficiency  also  changes  continu¬ 
ously.  In  particular,  the  term  j^tdgs  depends  on  the  sun 
elevation  angle,  ys  for  clear  sky  and  intermediate  sky  con¬ 
ditions,  while  for  overcast  skies  it  can  be  assumed  as  inde¬ 
pendent  of  the  sun  position  in  the  sky.  As  a  consequence, 
the  global  tubular  daylight  guidance  system  efficiency  as 
well  is  a  value  depending  on  the  sun  elevation  angle  and 
a  characterization  of  a  daylighting  guidance  system  for  dif¬ 
ferent  sun  elevation  angles  should  be  carried  out  for  a  given 
system. 


2.1.  Collector  performances 


Collector  performances  are  expressed  in  terms  of  effi¬ 
ciency  in  collecting  sunlight  and  skylight  and  redirecting 
it  downward;  both  a  beam  and  a  diffuse  collector  efficiency 
should  be  determined  separately  and  then  combined 
together  through  the  following  equations: 


(5) 


H 


(6) 


where  <%wlth  collector  and  <2>*, without  collector,  <Z>4with  collector 

and  ^without  collector  are  the  luminous  flux  values  (lm) 
which  are  measured  (or  calculated)  in  correspondence  of 
the  output  section  of  a  pipe  associated  to  the  collector  to 
analyze,  with  reference  respectively  to  direct  sunlight  (beam 
component)  and  diffuse  skylight  (diffuse  component),  with 
and  without  the  collector. 

As  far  as  the  collector  efficiency  calculation  is  concerned, 
a  substantial  lack  of  analytical  approaches  can  be  observed 
in  literature,  as  mentioned  earlier,  due  to  the  difficulties  in 
reproducing  through  simplified  analytical  methods  the  inter¬ 
action  between  sun/sky  rays  and  the  materials  and  geome¬ 
tries  used  to  collect  light  and  redirect  it  downward  along 
the  pipe.  In  principle,  this  interaction  could  be  successfully 
reproduced  and  modeled  by  means  of  a  simulation  based 
approach,  taking  advantage  of  ray-tracing  algorithms  and 
of  the  improved  calculation  power  which  are  nowadays 
available,  resulting  in  relatively  reduced  calculation  times. 
It  is  important  to  stress  out,  though,  that  even  the  software 
Radiance  (Ward  Larson  and  Shakespeare,  1998),  widely 
acknowledged  as  the  most  accurate  simulation  tool  for  day¬ 
lighting,  shows  limitations  in  the  capabilities  of  analyzing 


sophisticated  technologies  such  as  guidance  systems.  Due 
to  the  inherent  inaccuracy  in  tracking  light  rays  through 
the  three  component  of  a  guidance  system,  Radiance  users 
generally  adopt  a  different  approach,  still  yielding  acceptable 
results  for  many  applications:  the  whole  guidance  system  is 
replaced  by  a  luminaire  applied  at  the  centre  of  the  diffusing 
component  with  an  associated  photometric  file  which 
accounts  for  the  efficiency  performances  of  the  collector  - 
pipe  -  diffuser  system.  This  efficiency  has  to  be  determined 
by  the  user  through  some  approximate  calculations  or  ana¬ 
lytical  equations  existing  in  literature  or  through  dedicated 
simulations  on  simplified  components  (Ellis  et  al.,  2004;  Par- 
oncini  et  al.,  2008).  For  example,  the  software  SkyVision, 
developed  at  the  National  Research  Council  of  Canada, 
could  be  used  for  this  purpose.  This  allows  assessing  both 
beam  and  diffuse  efficiency  for  some  simple  passive  collector 
typologies,  such  as  circular  domes,  square  domes  and  pyra¬ 
mids  (square,  hexagonal  and  octagonal).  But  in  general 
terms,  it  remains  difficult  for  a  simulation  tool  to  accurately 
reproduce  innovative  collectors  with  complex  redirecting 
systems,  such  as  domes  with  micro-prismatic  profiles.  For 
the  next  future,  new  simulation  possibilities  seem  to  be 
offered  by  a  recently  developed  tool  called  Photon  Mapping 
(Schregle,  2005):  this  is  a  photometrically  validated  forward 
ray-tracing  algorithm  conceived  as  a  supplementary  calcula¬ 
tion  tool  to  integrate  backward  ray-tracing  calculations  car¬ 
ried  out  by  Radiance  so  as  to  more  accurately  model 
specular  phenomena  concerned  with  transmission,  reflection 
and  refraction  (hence  overcoming  the  inherent  Radiance 
limits  in  modeling  specularity).  Photon  map  is  expected  to 
be  soon  implemented  into  the  Radiance  code  and  will  enable 
Radiance  to  efficiently  model  redirecting  systems,  including 
active  collectors  equipped  with  sun-tracking  systems  and 
specular  pipes  of  daylight  guidance  systems. 

Alternatively,  data  provided  by  manufacturers  could  be 
used:  these  are  offered  as  photometric  files,  but  normally 
they  are  made  available  for  a  limited  number  of  conditions. 
For  instance,  they  refer  to  a  sun  elevation  angle  of  40°  only, 
which  does  not  describe  exhaustively  the  system  behavior 
in  response  to  external  conditions  which  vary  dynamically 
throughout  the  year:  the  efficiency  performance  can  actu¬ 
ally  vary  considerably  according  to  the  sun  position,  in  par¬ 
ticular  with  regard  to  the  collector  properties.  As  a  result, 
different  sets  of  data  should  be  provided  by  manufactures 
so  as  to  account  for  different  sun  positions  and  sky  condi¬ 
tions  (clear,  intermediate,  overcast).  In  general  terms,  the 
behavior  of  complex  fenestration  systems  relying  on  optical 
redirecting  systems  (including  guidance  systems)  requires  a 
precise  knowledge  of  their  directional  light  transmission 
features.  These  photometric  properties  are  described  by  a 
Bi-directional  Transmission/Reflection  Distribution  Func¬ 
tion  (BTRDF),  which  is  experimentally  assessed  by  a 
bi-directional  photogoniometer  and  which  is  a  data  to 
input  in  a  simulation  tool  to  model  materials  and  geome¬ 
tries  (Andersen  et  al.,  2005;  Grobe  et  al.,  2010). 

As  an  alternative  approach,  a  sun/sky  simulator  could  be 
adopted  to  physically  measure  light  transmission  efficiency 
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of  guidance  systems,  as  this  kind  of  facility  allows  real  collec¬ 
tors  to  be  used.  On  the  other  hand,  measurements  are  time- 
consuming  compared  to  simulations  or  analytical  methods 
and  require  to  have  available  component  prototypes  from 
manufactures;  furthermore,  results  which  can  be  obtained 
are  not  in  terms  of  BTRDF.  The  sun  simulator  and  the  sky 
simulator  operating  at  Politecnico  di  Torino  are  used  sepa¬ 
rately:  as  a  consequence,  both  beam  and  diffuse  collector  effi¬ 
ciency  values  can  be  measured,  through  the  sun  simulator  to 
assess  ribconector^  and  through  the  sky  simulator  to  assess 
*/ii, collector^)  j  this  latter  with  reference  to  both  clear  and  inter¬ 
mediate  and  overcast  sky  conditions  such  as  the  ones  stan¬ 
dardized  by  the  Commission  Internationale  de  l’Eclairage 
(CIE,  2003).  As  an  example  of  the  potentials  concerned  with 
this  approach,  the  results  of  an  experimental  study  are 
shown:  the  light  transmission  efficiency  of  some  collectors 
was  measured  in  1 : 1  prototypes  under  the  sun  and  sky-scan¬ 
ning  simulator  facility.  The  prototypes  were  passive  systems 
(without  any  sun-tracking  system),  provided  by  the  manu¬ 
facturer  (Solatube/Infinity  Motion™  (SolaTube,  2011)). 
They  were  characterized  by  different  sizes  and  geometries 
to  redirect  sunlight  and  skylight,  consisting  of  micro-pris¬ 
matic  profiles  and  presence  of  an  internal  reflector.  Fig.  1 
shows  and  describes  the  characteristic  and  the  working  prin¬ 
ciple  of  two  of  the  collectors  which  were  analyzed:  a  conven¬ 
tional  and  an  innovative  collector  with  two  prismatic 
profiles,  without  internal  reflector. 

For  each  collector,  light  efficiency  was  analyzed  by  mea¬ 
suring,  with  and  without  the  collector,  the  illuminance  dis¬ 
tribution  over  the  output  window  of  a  0.3  m  long  mirror 
pipe  associated  to  the  collector  to  analyze.  For  this  pur¬ 
pose,  specific  miniaturized  illuminancemeters  were  used, 
spaced  as  closely  as  possible  so  as  to  accurately  assess  the 
illuminance  distribution,  which  is  strongly  affected  by  col¬ 
lector  refraction  and  pipe  mirror  reflecting  properties 
(Fig.  2).  The  illuminancemeters  were  positioned  so  as  to 
“cover”  one  third  of  the  reference  plane:  consequently, 
for  a  given  sun  or  sky  condition,  the  collector  +  pipe  sys¬ 
tem  was  given  a  three  scan  azimuth  rotation  to  cover  the 
overall  area  of  the  window  output  and  illuminances  were 
measured  for  each  scan.  Eventually  the  mean  value  was  cal¬ 
culated.  The  reference  plane  was  coated  with  a  black  fabric, 
so  as  to  minimize  as  much  as  possible  any  occurrence  of 
parasite  reflections. 

From  an  operational  point  of  view,  to  assess  the  beam 
collector  efficiency  r/i|C0iiectorfe)  with  the  sun  simulator  mea¬ 
surements  were  repeated  eight  times,  each  time  tilting  the 
collector  with  respect  to  the  sun  simulator  so  as  to  repro¬ 
duce  eight  sun  elevation  angles  in  the  range  5-75°,  with 
an  increment  step  of  10°.  In  this  way,  the  variation  in  col¬ 
lector  performance  as  the  sun  position  in  the  sky  varies  was 
taken  into  account.  Considering  that  the  collector  presents 
a  geometrical  symmetry  with  respect  to  a  vertical  axis,  the 
effect  of  azimuth  rotations  to  account  for  different  sun’s 
azimuth  angles  was  not  modeled. 

Because  of  the  finite  distance  between  the  stand  on 
which  the  model/prototype  rests  and  the  sun  (or  the 


portion  of  the  dome),  a  parallax  error  can  occur,  since  dif¬ 
ferent  parts  of  the  considered  model/prototype  receive  dif¬ 
ferent  quantities  of  sunlight  (or  daylight)  (Mardaljevic, 
2002).  The  sun  simulator  used  for  the  measurements  is  able 
to  generate  a  beam  of  parallel  rays,  this  one  being  the  pecu¬ 
liar  characteristic  of  sunlight.  As  a  consequence,  a  uniform 
distribution  of  illuminance  values  over  the  stand  is  gener¬ 
ated,  which  assures  that  the  closely  spaced  illuminanceme¬ 
ters  practically  receive  the  same  amount  of  sunlight:  the 
non-uniformity  of  illuminance  values  within  a  circular  area 
of  1 5  cm  of  diameter  (that  is  the  area  where  the  collector  is 
positioned)  is  less  than  1 5%  for  sun’s  elevation  angles  in  the 
range  90°  (zenith )^45°  and  less  than  7%  for  lower  sun  posi¬ 
tions.  The  error  was  quantified  in  terms  of  standard  devia¬ 
tion  to  mean  illuminance  value  ratio. 

As  far  as  the  diffuse  collector  efficiency  is  concerned,  this 
depends  on  the  sun  position  in  presence  of  a  clear  sky  condi¬ 
tion,  while  it  does  not  for  an  overcast  sky:  for  this  reason, 
two  sets  of  measurements  were  taken  with  the  sky  simulator 
for  the  two  sky  conditions,  using  the  CIE  Clear  Sky  and  the 
CIE  Overcast  Sky.  The  parallax  error  occurring  for  the  sky 
simulator  is  lower  than  what  observed  for  the  sun  simulator: 
for  the  CIE  Clear  Sky,  the  non-uniformity  of  illuminance 
values  over  the  collector  is  less  than  2%  for  sun’s  elevation 
angles  in  the  range  90°  (zenith)-45°  and  less  than  3.5%  for 
lower  sun  positions,  while  for  the  CIE  Overcast  Sky,  it  is  less 
than  0.5%.  Therefore,  it  can  be  reasonably  assumed  that  all 
sensors  receive  the  same  quantity  of  daylight. 

With  the  CIE  Clear  Sky,  eight  measurements  were  taken 
for  the  same  sun  positions  which  were  used  to  determine 
the  beam  collector  efficiency,  while  with  the  CIE  Overcast 
Sky,  a  single  measurement  was  carried  out.  Tables  1  and 
2  show  the  results  which  were  obtained  for  the  different 
analyses.  It  can  be  observed  that  the  innovative  collector 
increases  the  efficiency  in  daylight  capturing,  with  respect 
to  a  conventional  collector,  for  lower  sun  elevation  angle 
(up  to  about  30°)  only;  out  of  this  range,  the  efficiency 
results  lower.  In  presence  of  overcast  sky  conditions,  the 
conventional  collector  performs  a  better  efficiency.  As  a 
result,  innovative  collectors  appear  to  be  more  suitable 
for  locations  and  climate  conditions  for  which  the  sun 
remains  quite  low  in  the  sky  throughout  the  year  and  for 
which  sunny  days  are  predominant. 


2.2.  Pipe  performances 


Pipe  performances  are  expressed  in  terms  of  efficiency  in 
transporting  sunlight  and  skylight  along  the  pipe;  similarly 
to  what  defined  for  the  collectors,  both  a  beam  and  a  dif¬ 
fuse  pipe  efficiency  should  be  determined  separately  and 
then  combined  together  through  the  following  formulae: 
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conventional  collector. 

dome  shaped,  with  1  prismatic  profiled  zone  close  to 

the  basis  of  the  dome 

diameter  =  25  cm  -  without  reflector 


innovative  collector  DS-160: 
dome  shaped,  with  2  prismatic  profiled  zones,  one 
close  to  the  basis  and  one  towards  the  top  of  the  dome 
diameter  =  25  cm  -  without  reflector 


//  | 


Fig.  1.  Characteristics  of  the  Solatube  passive  collectors  which  were  analyzed  in  this  study.  Redirection  and  reflection  of  collected  sunlight  and  daylight 
along  the  guidance  systems  is  also  visualized  (courtesy  of  Infinity  Motion  -  Solatube,  2011). 


_  Ebt out  •  >7f,,pipe(yj)  +  Edi out  ■  rid, pipefc)  , 
'pipefc)  r  \ 


where  input  and  <h^intpul  are  respectively  the  beam  and 
the  diffuse  luminous  flux  over  the  pipe  input  window  (lm) 
and  #6,output  and  <Pd, output  the  beam  and  the  diffuse  lumi- 


V.R.M.  Lo  Verso  et  al.  I  Solar  Energy  85  (2011)  2789-2801 


2795 


Table  1 

Efficiency  values  calculated  from  measurements  taken  in  the  sun  simulator  for  the  analyzed  collectors  with  reference  to  the  sunlight  direct  component 

'//..collector!-;, )  ■ _ 

Collector  efficiency  values  relative  to  direct  sunlight  component  '?/,!COiieCt0r;;,  (-) 

Sun  elevation  angle 

5°  15°  25°  35°  45°  55°  65°  15° 

Relative  difference  of  innovative  collector  compared  to  conventional  72.7%  43.5%  23.7%  —5.7%  —14.5%  —19.6%  —28.8%  —27.3% 

collector 


Table  2 

Efficiency  values  calculated  from  measurements  taken  in  the  sky  simulator  for  the  analyzed  collectors  with  reference  to  the  skylight  diffuse  component 
^.collector-  Sky  condition  used  as  reference:  CIE  Clear  Sky  and  CIE  Overcast  Sky. 


Collector  efficiency  values  relative  to  skylight  diffuse  component  t  r\d  col 

lector, y,  H 

CIE  Clear  Sky 

Sun  elevation  angle 

5°  15°  25° 

35° 

45° 

55° 

65° 

75° 

Relative  difference  of  innovative  collector  compared  to  conventional  collector  8.4%  7.7%  3.6%  1.7%  -2.2%  -5.1%  -7.9%  -9i 


Collector  efficiency  values  relative  to  skylight  diffuse  component  r\dco uector  (-) 

CIE  Overcast  Sky 

Relative  difference  of  innovative  collector  compared  to  conventional  collector  -10.2% 


nous  flux  measured  (or  calculated)  in  correspondence  of 
the  pipe  output  window  (lm). 

Unlike  what  highlighted  for  collectors,  analytical  equa¬ 
tions  are  available  in  literature  for  tubular  mirror  pipes 
to  estimate  pipe  efficiencies:  one  is  the  Zastrow-Wittwer 
formula  for  clear  sky  conditions  (Zastrow  and  Wittwer, 
1987);  the  second  one  is  provided  by  the  CIE  Publication 
173:2006  for  overcast  sky  conditions  (Al-Marwaee  and 
Carter,  2006;  CIE,  2006): 

t?pipe  ciear(ys)  =  pitan(90°-?»)/-De e  (_)  clear  sky  conditions  (9) 

eARtan(90°-yJ-lnp 

Vpe,overcast(yJ  _  ^  _  AR  .  tan(90°  —  yj  .  ffi  p]°'5  ^ 

overcast  sky  conditions  (10) 


where  AR  =  pipe  aspect  ratio  =  L/D  (-);  L  =  equivalent 
optical  length  (m);  D  =  pipe  diameter  (m);  Deff  =  Dn/4 
for  tubular  pipes  (m);  p  =  specular  reflectance  of  the  mir¬ 
rored  inner  surface  of  the  pipe  (-).  Although  Eq.  (10)  is  gi¬ 
ven  as  a  function  of  the  sun  elevation  angle  ys,  “it  gives 
realistic  values  for  overcast  sky  conditions,  assuming  a 
constant  value  of  ys  =  60°”  (CIE,  2006).  As  a  result,  this 
latter  is  the  approach  which  was  used  for  overcast  sky 
conditions. 

Above  formulae  provide  directly  with  the  global  effi¬ 
ciency  for  a  guidance  system,  without  distinguishing 
between  the  beam  and  the  diffuse  contributions.  For  a 
more  accurate  assessment  of  beam  and  diffuse  pipe  efficien¬ 
cies,  as  well  as  for  pipe  typologies  other  than  mirror  pipes, 
a  simulation  program  or  a  scale  model  based  approach 
should  be  used.  SkyVision,  for  instance,  allows  modeling 
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different  material  for  pipe  coating,  including  user-defined 
ones.  Materials  such  as  mirror  films  can  be  reproduced, 
but  limitations  still  remain  as  far  as  materials  such  as  pris¬ 
matic  coatings  are  concerned.  As  an  alternative,  a  scale 
model  and  sun  and  sky  simulators  based  approach  could 
be  chosen:  unlike  the  case  of  collectors,  for  which  1 : 1  pro¬ 
totypes  can  be  used,  a  pipe  need  to  be  scaled  down  because 
of  its  size,  which  is  not  compatible  with  the  size  of  the  sun/ 
sky  simulator  facilities.  On  the  other  hand,  it  should  be 
noted  that  real  materials  can  be  used,  including  innovative 
films  currently  available  to  coat  the  guidance  systems  to 
enhance  reflecting  properties  (films  with  a  luminous  reflec¬ 
tance  as  high  as  99.5%)  or  redirecting  properties  (prismatic 
or  holographic  films).  Anyway,  both  approaches,  simula¬ 
tions  and  measurements,  allow  both  beam  and  diffuse  effi¬ 
ciencies  to  be  determined  for  different  sets  of  clear, 
intermediate  and  overcast  sky  conditions  and  for  different 
sun  positions  in  the  sky. 

Among  above  discussed  possibilities,  within  the  study 
presented  in  this  paper,  both  analytical  formulae,  simula¬ 
tions  and  physical  measurements  were  applied  to  determine 
light  transmission  efficiency  of  different  typologies  of  pipes. 
The  assessment  of  pipes’  performances  was  carried  out 
within  a  more  comprehensive  study  some  of  the  authors 
recently  carried  out  (Aghemo  et  al.,  2006),  where  light 
pipes’  transport  performances  were  analyzed  both  in  abso¬ 
lute  terms  and  in  terms  of  natural  illuminance  values  and 
distribution  within  a  sample  underground  office).  For  this 
purpose,  1:13  scale  models  of  the  pipes  and  of  the  office 
were  used,  as  best  compromise  between  a  detailed  scale 
and  the  facility’s  sizes.  Scaled  pipes  had  three  different 
lengths  (so  as  to  reproduce  3  m,  6  m  and  9  m  long  pipes), 
each  of  which  with  three  different  coating:  white  diffusing 
painting  (used  as  reference),  micro-prismatic  film,  based 
on  the  total  internal  reflection  principle  (the  Optical  Light¬ 
ing  Film  OLF™  manufactured  by  3M™)  and  mirror  film 
(the  Radiant  Mirror  Film  RMF™  manufactured  by 
3M™).  Real  materials  were  used  as  coating  and  their  ability 
to  improve  the  pipe’s  efficiency  was  tested  by  measuring 
mean  illuminance  values  at  the  pipe’s  input  and  output 
windows.  Output  illuminance  was  assumed  as  the  mean  va¬ 
lue  calculated  from  4  illuminance  values  measured  to  better 


account  for  light  distribution  inside  the  pipe.  The  number 
of  the  probes  was  the  maximum  possible  compatibly  with 
the  pipe  section  (Fig.  3),  but  it  should  be  stressed  out  that 
it  could  not  be  enough  to  accurately  quantify  the  light 
guided  to  the  end  of  the  pipe,  considering  that  the  luminous 
intensity  distribution  can  have  very  particular  distribu¬ 
tions,  due  to  all  the  redirection/refraction  phenomena  of 
light  rays. 

For  this  reason,  both  measurements  in  scaled  pipes  and 
numerical  simulations  were  carried  out  to  determine  pipe 
beam  and  diffuse  efficiencies  and  both  were  repeated  for 
different  sky  and  sun  conditions,  which  affect  the  light  trans¬ 
port  along  the  pipes  and  the  interaction  with  the  different 
materials  which  were  used  as  coating.  Numerical  simula¬ 
tions  were  carried  out  by  using  SkyVision:  the  results  were 
used  for  comparison  purposes  and  to  correct  efficiency  val¬ 
ues  which  were  physically  measured  with  the  sun/sky  simu¬ 
lator  facility  in  the  case  of  longer  pipes,  i.e.  when  the 
parallax  error  raised  up  over  the  acceptable  limits.  Table  3 
summarizes  the  results  which  were  obtained  for  the  beam 
and  diffuse  pipe  efficiency  through  simulations  for  a  clear 
sky  condition,  while  Table  4  summarizes  the  results  obtained 
for  the  diffuse  pipe  efficiency  through  physical  measurements 
and  simulations  for  an  overcast  sky  condition.  Results 
obtained  for  global  efficiency  as  found  from  Eq.  (9)  for  clear 
sky  and  Eq.  (10)  for  overcast  sky  are  also  shown  for  qualita¬ 
tive  comparative  purposes:  in  principle,  these  latter  data 
should  actually  be  comprised  between  beam  and  diffuse 
efficiencies. 

From  Tables  3  and  4,  a  quite  high  relative  difference  can 
be  observed  for  both  sky  conditions  between  efficiencies 
obtained  through  the  different  approaches  which  were 
used.  In  the  case  of  overcast  sky,  the  analytical  approach 
yields  the  highest  efficiency  values,  while  data  obtained 
from  measurements  in  the  sky  simulator  are  the  lowest 
ones.  The  difference  increases  as  the  length  of  the  pipe 
increases:  this  is  probably  due  to  the  simulation  error  con¬ 
cerned  with  longer  pipes  in  the  sky  simulator.  Because  of 
the  sizes  of  the  stand  on  which  the  scaled  pipes  were  places, 
in  the  case  of  3  m  long  pipes  it  was  possible  to  align  the 
input  window  with  the  horizon  line,  while  in  the  case  of 
longer  pipes  this  was  not  possible.  This  implied  that  the 


Fig.  3.  Positions  of  illuminancemeters  at  pipe  output  window  for  three  pipes  with  different  coating  from  left  to  right:  3  M  holographic  Optical  Lighting 
Film  OLF™,  3  M  Radiant  Mirror  Film  RMF™  and  white  painting. 
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Table  3 

Beam,  diffuse  and  global  efficiency  values  of  Mirror  Light  Pipes  MLPs  from  simulations  with  SkyVision  and  from  analytical  formula  (9)  for  different  sun 
elevation  angles.  The  CIE  Clear  Sky  was  used,  including  the  direct  sun  contribution. 


L  (m)  D  (m)  AR  (-) 

P /.coating  H 

Sun  elevation  angle 

5° 

15° 

21.4° 

25° 

35° 

45° 

55° 

65° 

67.8° 

75° 

Pipe  beam  efficiency  »7». )  (—)  calculated  using  SkvVis 

3 

1  3 

0.995 

0.64 

0.87 

0.91 

0.92 

0.95 

0.96 

0.97 

0.98 

0.98 

0.98 

6 

1  6 

0.995 

0.42 

0.75 

0.83 

0.85 

0.89 

0.92 

0.94 

0.95 

0.96 

0.96 

9 

1  9 

0.995 

0.27 

0.65 

0.75 

0.78 

0.85 

0.87 

0.91 

0.93 

0.93 

0.94 

Pipe  diffuse  efficiency  Vdpmely)  (~)  calculated  using  SkyVision 

3 

1  3 

0.995 

0.91 

0.91 

0.92 

0.92 

0.93 

0.93 

0.94 

0.94 

0.95 

0.95 

6 

1  6 

0.995 

0.84 

0.85 

0.85 

0.85 

0.87 

0.88 

0.89 

0.90 

0.90 

0.90 

9 

1  9 

0.995 

0.78 

0.79 

0.79 

0.80 

0.82 

0.83 

0.84 

0.85 

0.86 

0.86 

Pipe  global  efficiency  rj  {  ,  calculated  through  analytical  formula  (9) 

3 

1  3 

0.995 

0.80 

0.93 

0.95 

0.96 

0.97 

0.98 

0.99 

0.99 

0.99 

0.99 

6 

1  6 

0.995 

0.65 

0.87 

0.91 

0.92 

0.95 

0.96 

0.97 

0.98 

0.98 

0.99 

9 

1  9 

0.995 

0.52 

0.81 

0.86 

0.88 

0.92 

0.94 

0.96 

0.97 

0.98 

0.98 

4  .  •  ”7^  •  •  t;  t 

ii 

i 

'/  f  | _ | 

- 

sky  area  close  to  the  horizon  was  shaded.  As  a  result,  the 
contribution  to  the  light  transported  along  the  pipe  is 
reduced  to  some  extent.  Anyway,  considering  the  3  m  long 
pipes  only,  the  difference  is  still  quite  significant  between 
the  three  approaches. 

The  same  applies  to  the  efficiencies  obtained  for  a  clear 
sky  condition.  The  analytical  values  calculated  through 
formula  (9)  for  the  global  efficiency  are  generally  higher 
than  both  beam  and  diffuse  efficiency  data  found  using 
SkyVision.  From  Table  3  it  can  be  observed  how  beam 
and  diffuse  data,  calculated  using  SkyVision,  vary  accord¬ 
ing  to  the  sun  position:  the  diffuse  efficiency  is  higher  than 
the  beam  efficiency  for  lower  sun  position  in  the  sky,  while 
for  elevation  angles  over  25°  the  opposite  occurs.  Actually, 
the  higher  the  sun  in  the  sky,  the  more  vertically  beam  rays 
enter  the  pipe  through  the  input  window,  which  result  in  a 
higher  beam  efficiency.  On  the  contrary,  for  low  sun  eleva¬ 
tion  angles,  beam  rays  propagate  along  the  mirror  pipe 
through  a  high  number  of  reflection,  which  implies  that 
the  beam  efficiency  value  drops.  The  diffuse  efficiency,  as 
expected,  is  little  influenced  by  the  sun  position,  increasing 
slowly  with  the  sun  elevation  angle. 

2.3.  Diffuser  performances 

To  calculate  the  overall  light  transmission  efficiency  of  a 
TDGS,  efficiency  performances  of  the  diffuser  can  be  sim¬ 
ply  taken  into  account  through  its  luminous  transmittance 
value: 


taser  =  %  diffuser  (-)  (11) 

Above  formula  refer  to  the  quantity  of  daylight  (as  a 
percentage  of  the  daylight  falling  onto  the  diffuser)  which 
is  globally  delivered  into  the  interior  space:  the  directional 
light  transmittance  of  the  diffuser  is  not  taken  into  account. 
Especially  in  the  case  of  diffuser  which  do  not  have  a  Lam¬ 
bert  emission,  a  directional  analysis  should  be  carried  out, 
by  measuring  the  light  output  on  real  components  with  the 
aid  of  a  goniophotometer  (Krasnan  and  Darula,  2009)  or 
through  field  measurements  (Baroncini  et  al.,  2006).  The 
knowledge  of  the  directional  transmission  of  the  diffuser, 
though,  is  important  if  the  aim  is  to  determine  the  illumi¬ 
nance  within  the  daylit  room,  for  instance  over  the  working 
plane.  If  the  aim  is  to  determine  the  global  efficiency  of  the 
guidance  system,  Eq.  (11)  can  be  used. 

3.  Determination  of  global  daylight  guidance  system 
efficiency  for  different  sites 

As  highlighted  earlier,  once  the  light  transmission  efficien¬ 
cies  of  individual  components  have  been  determined,  the 
global  efficiency  of  a  TDGS  is  eventually  calculated  through 
Eq.  (3).  Beam,  diffuse  and  global  horizontal  external  unob¬ 
structed  illuminances  are  used  to  compute  the  different  com¬ 
ponent  efficiencies  as  weighted  average  of  the  beam  and 
diffuse  efficiencies:  as  a  consequence,  if  the  same  guidance 
system  is  installed  in  different  sites,  the  resulting  average  effi¬ 
ciency  turns  out  to  be  different  for  the  same  time  of  the  day  or 
the  same  date  during  the  year,  since  both  the  position  of  the 
sun  in  the  sky  and  the  statistical  combination  of  the  external 
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Fig.  4.  Global  efficiency  for  a  given  TDGS  for  different  sites  across  Europe  and  for  different  months  throughout  the  year  and  hours  during  a  day.  The  CIE 
Clear  Sky  condition  is  assumed  as  reference. 


beam  and  diffuse  illuminances  are  different.  In  this  way,  the 
specific  climate  conditions  are  taken  into  account.  As  an 
example,  Fig.  4  shows  the  variation  of  »?tdgs  values  for  five 
sites  across  Europe  for  three  months  throughout  the  year 
(December,  March  and  June)  and  for  four  different  times 
of  the  day  (9,  12,  15  and,  for  March  and  June,  18).  The 
CIE  Clear  Sky  condition  was  assumed  as  reference:  the 
external  beam  and  diffuse  illuminances  to  be  used  to  calcu¬ 
late  the  global  TDGS  efficiency  were  derived  from  the 
weather  files  of  the  considered  sites  (Energy Plus,  2011)  as 
average  values  of  illuminances  recorded  throughout  the 
month  (a  time-step  down  to  15  min  was  assumed  for  this 
purpose):  only  illuminances  in  presence  of  clear  skies  were 
used  for  the  calculation.  The  guidance  system  considered 
for  this  example  consists  of  the  passive  ‘innovative”  collector 
described  in  Section  2.1  and  of  the  3  m  long  mirror  pipe 
described  in  Section  2.2.  Beam  and  diffuse  efficiencies  were 
taken  from  experimental  measures  for  the  collector  (data 
shown  in  Table  1)  and  from  SkyVision  simulations  for  the 
pipe  (data  shown  in  Table  3),  while  for  the  diffuser  an  effi¬ 
ciency  of  0.7  was  assumed.  For  intermediate  sun  elevation 
angles,  a  linear  interpolation  of  measured/simulated  data 
was  carried  out.  The  figure  is  quite  self-explanatory  in  show¬ 
ing  how  strongly  the  global  light  transmission  efficiency  of  a 
TDGS  can  vary  in  dependence  of  the  site  where  the  systems 
is  installed  and  how  it  is  influenced  by  the  sun  elevation  angle 
in  the  sky:  highest  efficiencies  can  actually  be  observed  for 
lowest  sun  elevation  angles,  as  a  consequence  of  the  redirect¬ 
ing  action  played  by  the  collector  micro-prismatic  profile. 

After  having  calculated  the  global  light  transmission  effi¬ 
ciency  of  a  guidance  system,  the  data  could  be  used  in  a 
design  process  to  predict  illuminance  values  over  a  work 


plane  or  inside  a  room  resulting  from  an  installations  of 
system  or,  the  other  way  around,  to  predict  the  number 
of  pipes  needed  to  produce  a  minimum  natural  light  illumi¬ 
nance.  Calculation  equations  based  on  the  lumen  method, 
can  be  used  for  this  purpose:  for  example,  the  CIE  publica¬ 
tion  173:2006  (CIE,  2006)  provides  an  analytical  method, 
based  on  the  global  guide  system  efficiency  and  on  the  uti¬ 
lization  factor  concept  (i.e.  the  lumen  method): 


DPFwp 


■^wp  _  N  ■  )?TDGS  •  ^TDGS  •  UF 

Eg, oot  Aw p 


£wp 


y  •  7 TDGS  •  ^TDGS  '  UF  •  Eg.om 

Awp 


(lux) 


(12) 

(13) 


where  DPF  =  average  working  plane  daylight  penetration 
factor  resulting  from  N  daylight  guide  systems  (-), 
Ewp  =  average  working  plane  illuminance  resulting  from  N 
daylighting  guide  systems  (lux),  N  =  number  of  day  lighting 
guide  systems  TDGS  (-),  t/tdgs  =  global  efficiency  of  a 
single  TDGS  (-),  ATdgs  =  cross-section  area  of  a  single 
tubular  daylight  guidance  system  (m2),  UF  =  utilization  fac¬ 
tor  of  a  single  TDGS  (whose  values  are  reported  in  (CIE, 
2006))  (-),  Aw p  =  working  plane  area  (m2),  £^out  =  global 
external  horizontal  unobstructed  illuminance  (lux). 

The  daylight  penetration  factor  is  “the  illuminance 
received  at  a  point  indoor  via  a  light  guide  from  a  sky  of 
known  or  assumed  luminance  distribution,  expressed  as  a 
percentage  of  the  global  horizontal  illuminance  outdoor 
from  an  unobstructed  hemisphere  of  the  same  sky.  This  is 
analogous  to  the  daylight  factor  used  for  conventional  win¬ 
dows,  with  the  difference  that  the  global  external  illuminance 
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Table  4 

Diffuse  efficiency  values  for  Mirror  Light  Pipes  MLPs  from  measurements  in  the  sky  simulator,  from  simulations  with  SkyVision  and  from  analytical 
formulae  for  the  CIE  Overcast  Sky  condition. 


Pipe  diffuse  efficiency  ridpipe  (-) 

L  (m)  D  (m)  AR  (-) 

P/.coating  (  ) 

Measured  in  scale  model 
by  using  the  sky  simulator 

Calculated  through 
simulations  (SkyVision) 

Calculated  through 
analytical  formula  (10) 

3  1  3 

0.995 

0.84 

0.95 

0.97 

6  1  6 

0.995 

0.82 

0.91 

0.95 

9  1  9 

0.995 

0.73 

0.87 

0.93 

(rather  than  the  diffuse  sky  component)  is  used  as  basis  for 
calculations”  (Zhang  and  Muneer,  2002;  CIE,  2006). 

Eqs.  (12)  and  (13)  can  be  solved  for  N,  thus  allowing 
determining  the  number  of  pipes  necessary  to  achieve  a 
minimum  natural  light  illuminance  or  daylight  penetration 
factor  value  over  a  working  plane  (pipe  sizing). 

4.  Conclusions  and  discussion 

In  the  frame  of  the  growing  interest  towards  the  use  of 
light  pipes,  which  results  in  beneficial  effects  on  human 
well-being  and  performance  as  well  as  with  potential  reduc¬ 
tion  of  the  building  energy  demand  of  lighting  in  spaces 
which  would  not  receive  any  or  suitable  daylight,  the  global 
efficiency  of  a  tubular  daylight  guidance  systems  is  the  key 
data  to  characterize  its  performance  in  sunlight  and  daylight 
transmission  (collection,  transport  and  scatter/redistribu¬ 
tion)  and  hence  to  proceed  to  predict  natural  illuminance 
values  for  an  installation  within  a  room  or  the  minimum 
number  of  TDGS  to  achieve  a  threshold  illuminance  for  a 
given  room  usage.  Performance  efficiency  of  hollow  light 
guides  rises  when  direct  sunlight  can  be  redirected  down¬ 
ward  along  the  pipe.  This  puts  in  evidence  the  crucial  aspect 
of  how  to  accurately  determine  the  light  transmission  effi¬ 
ciency  of  guidance  systems  with  redirecting  optical 
components. 

The  paper  describes  an  approach  which  was  used  to 
determine  the  global  efficiency  of  a  tubular  daylight  guid¬ 
ance  systems  TDGS  as  the  product  of  the  efficiency  of  each 
individual  component  (collector,  pipe  and  diffuser):  these 
can  be  determined  as  weighted  average  of  beam  and  diffuse 
efficiency  of  the  component,  using  beam,  diffuse  and  global 
horizontal  external  unobstructed  illuminances.  As  a  conse¬ 
quence,  for  the  same  component,  featuring  the  same  beam 
and  diffuse  efficiencies,  the  resulting  global  efficiency  can  be 
different  depending  on  the  external  conditions,  which  are 
specific  for  the  considered  site.  In  this  way,  the  specific  cli¬ 
mate  conditions  are  taken  into  account. 

Beam  and  diffuse  efficiencies  for  the  three  components 
can  be  analytically  calculated  or  derived  from  numerical 
simulations  or  physical  measurements  in  scale  models  or 
1:1  prototypes  in  sun  and  sky  simulator  facilities.  Analyti¬ 
cal  methods  are  not  accurate  to  characterize  the  light  trans¬ 
mission  efficiency  of  complex  guidance  systems  which  rely 
on  optical  redirection  components:  their  use  should  there¬ 
fore  be  limited  to  simple  typologies  of  passive  systems  with 


mirror  pipes  and  collectors  not  equipped  with  prismatic 
profiles.  Numerical  simulations  as  well,  despite  the  large 
amount  of  rays  that  recent  tools  are  able  to  track,  still  show 
limits  in  accurately  model  the  behavior  of  redirecting  mate¬ 
rials  and  geometries.  Their  use  is  suitable  to  reliably  calcu¬ 
late  efficiency  performances  for  mirror  pipes  and  for  many 
typologies  of  diffusers.  The  development  of  recent  tools 
such  as  PhotonMap  are  expected  to  strongly  enhance  sim¬ 
ulation  capabilities  and  hence  to  allow  simulating  more 
complex  redirecting  systems,  such  as  the  ones  advanced 
collectors  are  equipped  with.  To  date,  measurements  on 
1:1  scale  components  seem  to  be  an  appropriate  approach: 
this  gives  the  advantage  of  allowing  using  real  components 
in  the  case  of  collectors  or  real  material  as  coating  for 
pipes,  which  cannot  be  used  in  1:1  scale,  but  need  to  be 
scaled.  In  the  research  described  in  this  paper,  a  combina¬ 
tion  of  simulations  (to  determine  pipe  efficiencies)  and 
physical  measurements  (to  determine  collector  efficiencies) 
was  used  to  proceed  to  calculate  the  global  light  transmis¬ 
sion  efficiency  of  TDGS. 

It  emerges  how  the  calculation  of  the  global  light  trans¬ 
mission  efficiency  is  not  a  trivial  task:  different  approaches 
(simulations,  physical  measurements)  may  be  necessary  to 
accurately  determine  the  efficiencies  of  the  single  compo¬ 
nents.  This  involves  a  great  number  of  numerical/physical 
analyses  to  be  carried  out.  In  principle,  each  daylighting 
typology  requires  a  specific  study  to  determine  its  effi¬ 
ciency:  all  different  geometrical  (such  as  pipe  length  and 
diameter,  shape  of  the  collector,  presence  or  not  of  deflect¬ 
ing  panels  or  of  micro-prismatic  profiles)  and  photometric 
parameters  should  be  individually  investigated.  In  the 
majority  of  cases,  especially  as  far  as  efficiencies  of  collec¬ 
tors  are  concerned,  measurement  on  1:1  scale  components 
seem  to  be  the  most  appropriate  approach.  Within  this 
frame,  manufacturers  are  encouraged  to  provide  with  more 
detailed  technical  information  about  light  transmission  effi¬ 
ciency  for  guidance  systems  for  different  sun  elevation 
angles  and  sky  conditions.  Considering  that  specialist  pho¬ 
tometers  are  needed  for  these  tests,  able  to  house  large  size 
components,  and  only  a  limited  number  of  these  exists, 
manufacturers  should  cooperate  with  research  centres  or 
photometric  laboratories  where  such  facilities  are  available. 
For  example,  the  California  Energy  Commission  Public 
Interest  Energy  Research  (PIER)  program  sponsored  the 
development  of  a  test  method,  and  the  collection  of  gonio- 
metric  data  on  22  skylight/lightwell  configurations  under 
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overcast  skies  and  for  each  10°  increment  in  solar  elevation 
for  clear  skies.  The  tests  resulted  in  a  library  of  public 
domain  photometric  files  and  photometric  reports  that 
can  be  used  by  lighting  software  developers,  lighting 
designers  or  researchers  and  others  to  understand  the 
dynamics  of  daylight  delivered  from  skylights  (McHugh 
et  al.,  2002).  A  similar  approach  could  be  fruitfully  pro¬ 
moted  for  guidance  systems  as  well. 

Competing  interests 
None  declared. 

Acknowledgements 

This  work  was  carried  out  within  the  national  research 
program  PRIN  2008,  titled  “Daylighting  design  for  energy 
saving  and  visual  comfort  purposes:  climate-based  daylight 
modeling,  glare  indices  and  integrated  ventilation  system 
performances”,  co-financed  by  the  Italian  Ministry  for 
Universities,  Education  and  Research  (see:  http:// 
www.polito.it/tebe). 

Special  thanks  to  the  company  Infinity  Motion™  for 
making  available  the  prototypes  of  collectors  which  were 
used  in  the  study. 

References 

Aghemo,  C.,  Serra,  V.,  Lo  Verso,  V.R.M.,  2006.  Experimental  assessment 
of  environment  performance  of  different  typologies  of  light  pipes.  In: 
Fazio,  P.,  Ge,  H.,  Rao,  J.,  Desmarais,  G.  (Eds.),  Research  in  Building 
Physics  and  Building  Engineering.  Taylor  &  Francis/Balkema,  AK 
Leiden  (Nederlands),  pp.  809-817,  ISBN  10:  0-415-41675-2,  ISBN  13: 
978-0-415-41675-7. 

Aghemo,  C.,  Pellegrino,  A.,  Lo  Verso,  V.R.M.,  2008.  The  approach  to 
daylighting  by  scale  model  and  sun  and  sky  simulators:  a  case  study  for 
different  shading  systems.  Building  and  Environment  43  (5),  917-927. 
Al-Marwaee,  M.,  Carter,  D.J.,  2006.  Tubular  guidance  systems  for 
daylight:  achieved  and  predicted  installation  performances.  Applied 
Energy  83  (7),  774-788. 

Andersen,  M.,  Roecker,  C.,  Scartezzini,  J.-L.,  2005.  Design  of  a  time- 
efficient  video-goniophotometer  combining  bidirectional  functions 
assessment  in  transmission  and  reflection.  Solar  Energy  Materials 
and  Solar  Cells  88  (1),  97-118. 

Baroncini,  C.,  Chella,  F.,  Zazzini,  P.,  2006.  Experimental  analysis  of 
tubular  light  pipes  performances:  influence  of  the  diffuser  on  inside 
distribution  of  light.  In:  Proc.  of  5th  International  Conference  on 
Sustainable  Energy  Technologies  SET  2006,  Vicenza,  Italy,  August  30- 
September  1,  2006. 

Baroncini,  C.,  Chella,  F.,  Zazzini,  P.,  2007.  Numerical  and  experimental 
analysis  on  ‘Double  Light  Pipe’,  a  new  system  for  daylight  distribution 
in  interior  spaces.  In:  Proc.  of  6th  International  Conference  on 
Sustainable  Energy  Technologies  SET  2007,  Santiago  de  Chile, 
September  5-7,  2007. 

Bouchet,  B.,  Fontoynont,  M.,  1996.  Daylighting  of  underground  spaces: 

design  rules.  Energy  and  buildings  23,  293-298. 

Carter,  D.J.,  2002.  The  measured  and  predicted  performance  of  passive 
solar  fight  guide  systems.  Lighting  Research  &  Technology  34  ( 1),  39-52. 
Commission  International  de  l’Eclairage  (CIE),  2003.  Spatial  distribution 
of  daylight  -  CIE  Standard  General  Sky.  CIE  Standard  CIE  SOI  1/E, 
Bureau  Central  CIE,  Vienna,  Austria. 


Commission  International  de  l’Eclairage  (CIE)  2006.  Tubular  daylight 
guidance  systems.  CIE  Publication  173:2006,  Bureau  Central  CIE, 
Vienna,  Austria.  ISBN:  978  3  901906  49  7. 

Ellis,  P.G.,  Strand,  R.K.,  Baumgartner,  K.T.,  2004.  Simulation  of  tubular 
daylighting  devices  and  daylighting  shelves  in  EnergyPlus.  In:  Proc.  of 
SimBuild  2004,  IBPSA-USA  National  Conference,  Boulder,  CO, 
August  4-6,  2004. 

EnergyPlus,  2011.  <http://apps  1  .eere.energy.gov/buildings/energyplus/ 
cfm/weather_data.cfm>  (Last  accessed  05.11). 

Grobe,  L.O.,  Wittkopf,  S.,  Apian-Bennewitz,  P.,  Jonsson,  J.C.,  Rubin, 
M.,  2010.  Experimental  validation  of  bidirectional  reflection  and 
transmission  distribution  measurements  of  specular  and  scattering 
materials.  In:  Proc.  of  SPIE,  vol.  7725.  p.  772510;  doi:  10.1117/ 
12.854011. 

Heliobus,  2011.  <www.hefiobus.com/pages_e/frames.html>  (Last 
accessed  05.11). 

Himaway,  2011.  <http://www.himaway-net.co.jp/e_page-index01.html> 
(Last  accessed  05.11). 

Jenkins,  D.,  Muneer,  T.,  2004.  Light  pipe  prediction  methods.  Applied 
Energy  79  (11),  77-86. 

Jenkins,  D.,  Muneer,  T.,  Kubie,  J.,  2005.  A  design  tool  for  predicting  the 
performances  of  fight  pipe.  Energy  and  buildings  37,  485-492. 
doi:10.1016/j.enbuild.2004.09.014. 

Kocifaj,  M.,  Darula,  S„  Kittler,  R.,  2008.  HOLIGILM:  hollow  fight  guide 
for  interior  illumination  method  -  an  analytical  calculation  approach 
for  cylindrical  light-tubes.  Solar  Energy  82,  247-259.  doi:10.1016/ 
j.solener.2007.07.003. 

Krasnan,  M.,  Darula,  S.,  2009.  Unconventional  daylight  transport  to 
building  interiors.  In:  Proc.  of  11th  European  Lighting  Conference 
“Lux  Europa  2009”,  Istanbul  (Turkey),  September  9-11,  2009,  39-44. 
ISBN:  978-975-561-352-9. 

Laouadi,  A.  2004.  Design  with  SkyVision:  a  computer  tool  to  predict 
daylighting  performance  of  skylights.  NRCC  (National  Research 
Council  of  Canada)  Report  no.  NRCC-46752.  <http://irc.nrc- 
cnrc.gc.ca/pubs/fulltext/nrcc46752/>. 

Laouadi,  A.,  Arsenault,  C.,  2004.  Validation  of  SkyVision.  NRC-IRC 
(National  Research  Council  of  Canada  -  Institute  for  Research  in 
Construction)  Report  no.  IRC-RR-167.  <http://irc.nrc-cnrc.gc.ca/ 
pubs/rr/rrl67/>. 

Lynhart,  F.,  Scartezzini,  J.-L.,  2010.  Minimizing  fighting  power  density  in 
office  rooms  equipped  with  Anidolic  Daylighting  Systems.  Solar 
Energy  84,  587-595. 

Mardaljevic,  J.,  2002.  Quantification  of  parallax  errors  in  sky  simulator 
domes  for  clear  sky  conditions.  Lighting  Research  &  Technology  34 
(4),  :  313-332. 

Mayhoub,  M.S.,  Carter,  D.J.,  2010.  Towards  hybrid  fighting  systems:  a 
review.  Lighting  Research  and  Technology  42  (1),  51-72. 

McHugh,  J.,  Lewin,  I„  Domigan,  J.,  2002.  Skylights  as  luminaires:  PIER 
skylight  photometric  test  results.  In:  Proc.  of  the  IESNA  Annual 
Conference  2002,  Illuminating  Engineering  Society  of  North  America 
IESNA,  New  York,  pp.  427-442. 

Mingozzi,  A.,  Bottiglioni,  S.,  Casalone,  R.,  2001.  An  innovative  system  for 
daylight  collecting  and  transport  for  long  distance  and  mixing  with 
artificial  light  coming  from  hollow  fight  guides.  In:  Proc.  of  9th 
European  Lighting  Conference  “Lux  Europa”,  Reykjavik  (Iceland), 
June  18-20,  2001. 

Mohelnikova,  J.,  2009.  Tubular  fight  guide  evaluation.  Building  and 
Environment  44,  2193-2200. 

Oakley,  G.,  Riffat,  S.B.,  Shao,  L.,  2000.  Daylight  performance  of  fight 
pipes.  Solar  Energy  69,  89-98. 

Parans,  2011.  <www.parans.com/portals/30/docs/Parans%20Cata- 
logue.pdf>  (Last  accessed  05.11). 

Paroncini,  M.,  Corvaro,  F.,  Nardini,  G.,  Pistolesi,  S.,  2008.  The 
Experimental  and  numerical  analysis  of  a  fight  pipe  using  a  simulation 
software.  World  Academy  of  Science,  Engineering  and  Technology 
EPES  08,  Paris,  pp.  30,  40,  580-583. 


V.R.M.  Lo  Verso  et  al.  I  Solar  Energy  85  (2011)  2789-2801 


2801 


Robertson,  A.P.,  Hedges,  R.C.,  Rideout,  N.M.,  2010.  Optimisation  and 
design  of  ducted  daylighting  systems.  Lighting  Research  &  Technology 
42  (2),  161-181. 

Scartezzini,  J.-L.,  Courret,  G.,  2002.  Anidolic  Daylighting  Systems.  Solar 
Energy  73  (2),  123-135. 

Schregle,  R.,  2005.  Daylight  Simulation  with  Photon-Maps.  Doctoral 
Thesis,  Fraunhofer  Institute  for  Solar  Energy  Systems.  Fraunhofer 
IRB  Verlag,  Stuttgart,  ISBN  3-8167-6703-6. 

Serra,  V.,  Marco,  G.,  2000.  New  technologies  for  daylighting:  a  study  on 
light  pipes.  In:  Proc.  of  6th  European  Conference  Solar  Energy,  In 
Architecture  and  Urban  Planning;  Bonn. 

Shao,  L„  Riffat,  S.B.,  Hicks,  W.,  Yohannes,  I.,  1997.  A  study  on 
performance  of  light  pipes  under  cloudy  and  sunny  conditions  in  the 
UK.  Right  Light  4  (1),  155-159. 

Shao,  L.,  Elmualim,  A.A.,  Yohannes,  I.,  1998.  Mirror  light  pipes: 
daylighting  performance  in  real  buildings.  Lighting  Research  & 
Technology  30  (1),  37-44. 


SkyVision,  2011.  <http://www.nrc-cnrc.gc.ca/eng/ibp/irc/waiver/skyvi- 
sion.html>  (Last  accessed  05.11). 

Solatube,  2011.  <http://www.infinitymotion.com>  (Last  accessed  05.11). 

Swift,  P.D.,  Smith,  G.B.,  1995.  Cylindrical  mirror  light  pipes.  Solar 
Energy  Materials  and  Solar  Cells  36,  159-168. 

Ward  Larson,  G.,  Shakespeare,  R.,  1998.  Rendering  with  RADIANCE. 
In:  The  Art  and  Science  of  Lighting  Visualization.  Morgan  Kaufmann, 
San  Francisco,  California,  USA. 

Zastrow,  A.,  Wittwer,  V.,  1987.  Daylighting  with  mirror  light  pipes  and 
with  fluorescent  planar  concentrators.  In:  Proc.  SPIE,  vol.  692.  p.  227. 

Zhang,  X.,  Muneer,  T.,  2000.  A  mathematical  model  for  performance  of 
light-pipes.  Lighting  Research  and  Technology  32  (2),  141-146. 

Zhang,  X.,  Muneer,  T.,  2002.  A  design  guide  for  performance  assessment 
of  solar  light-pipes.  Lighting  Research  and  Technology  34  (2),  149- 
169. 


